Astyanax altiparanae and A. asuncionensis of the upper Paraná River and Paraguay River basins, respectively, has always been difficult. Two D-loop haplogroups of A. altiparanae are known, one with the presence (AltoPR) or the absence (AltoPR-D) of a 32-bp block similar to that in A. asuncionensis. We examined these samples to characterize A. altiparanae 
INTRODUCTION
The formation of new barriers to natural migration of many fish species and consequent isolation of populations is a problem that normally occurs when reservoirs are built in rivers. On the other hand, intense river impounding may erase natural geographical barriers changing the migration pattern of several fish species and allowing the introduction of others in formerly inaccessible regions. Environmental impacts in those cases may modify the genetic variability or structure of fish populations (Oliveira et al., 2002) . There is also extreme possibility of extinction of species that are less adapted to tackle environmental alterations (Agostinho et al., 1992 (Agostinho et al., , 1993 Agostinho and Júlio Jr., 1999) .
The Sete Quedas Falls constituted a natural barrier that separated two distinct ichthyofaunistic regions in the Paraná River, namely, upper and lower Paraná River basins. When the Itaipu reservoir was formed and the Sete Quedas Falls submerged, subsequent displacement and incorporation of a 150-km stretch of the lower Paraná River to the upper occurred. The current ichthyofauna of the floodplain of the upper Paraná River is thus peculiar since several species of the lower Paraná River have co-existed with the local ichthyofauna during the last 30 years. Research undertaken during the last decades in that floodplain has identified 170 fish species, including 33 species from the lower Paraná that succeeded after the Itaipu reservoir enclosure (Júlio Jr. et al., 2009) . Furthermore, several fish species from other Brazilian basins and even from other countries have been introduced in that reservoir for stocking and/or repopulation strategies (Júlio Jr. et al., 2009) .
The 88 Incertae sedis genera in Characidae comprise approximately 620 species, of which 86 belong to the genus Astyanax (Lima et al., 2003) . Although Astyanax bimaculatus belongs to the Amazon basin, it also occurs in the Paraná and Paraguay River basins (Garutti, 1995) . Garutti and Britski (2000) taxonomically revised species of Astyanax from the upper Paraná River, previously identified as A. bimaculatus, and described it as a different species named A. altiparanae. According to Lima et al. (2003) , the species from the lower Paraná and Paraguay River basins, previously also misidentified as A. bimaculatus, is currently identified as A. asuncionensis Géry, 1972 (Figure 1 ). The evolution rate of the control region, or D-loop, of mitochondrial DNA (mtDNA) is twice to five times higher than that of protein-codifying mitochondrial genes (Faber and Stepien, 1977; Meyer, 1994; Sivasundar et al., 2001; Rokas et al., 2003; Avise, 2004) . Although D-loop region may be eventually used in phylogenetic analyses of distant taxa, as undertaken by Ortí et al. (2008) with the family Serrassalmidae, agreement has been reached that this mitochondrial sequence is more effective in intra-species comparative analyses or between very close species Oliveira et al., 2002 Oliveira et al., , 2006 Batista and AlvesGomes, 2006; Panarari-Antunes et al., 2008) .
The species A. altiparanae has been recently identified in the Iguaçu River (Graça and Pavanelli, 2002; Prioli et al., 2002) through their morphological characteristics and molecular markers. That river is an affluent of the Paraná River just downstream from the Itaipu dam, but its larger extension is completely isolated by the Cataratas, very high falls close to its mouth that act as effective barriers to free dispersal of fish, and provide an elevated degree of endemism of its ichthyofauna. RAPD and mtDNA markers showed that the A. altiparanae population from the Iguaçu River was recently introduced from the upper Paraná River . Pie et al. (2009) also employ D-loop sequences to characterize several Astyanax species endemic to the Iguaçu River basin. However, the highly abundant and important foodchain species A. altiparanae is still little known from the genetic and population point of view.
Occurrence indications of pronounced variation in mtDNA, unexpected within genetically stable populations, were reported within a population identified as A. altiparanae, which inhabits the upper Paraná River floodplain. Primarily, a 32-bp block absence was detected in the D-loop hypervariable region present in many individuals of Astyanax from the upper Paraná River. Such diversity may have occurred due to the introduction of a new variant of A. altiparanae or a proximate species in the floodplain (Soria et al., 2003) . Soria (2004) reported that the variant haplogroup is alike to that found in A. asuncionensis from the Manso River, Paraguay River basin.
On the other hand, Soria (2004) failed to analyze the several Astyanax that occur upstream in the lockless reservoirs, which had been built some years before the Itaipu reservoir, such as the Marimbondo reservoir in the Grande River. If A. asuncionensis invaded the upper Paraná River basin when Itaipu impounded the river, it might be expected that the species would not have colonized regions upstream from the Marimbondo dam.
The current essay investigates the genetic diversity among Astyanax populations from the upper Paraná River basin and the Manso River, in the upper Paraguay River basin, by mtDNA D-loop nucleotide sequences. It intends to be a contribution towards a better characterization of A. altiparanae and to verify the possibility that A. asuncionensis may have established itself in the upper Paraná River.
MATERIAL AND METHODS
Specimens identified as A. altiparanae were analyzed from seven sites of the upper Paraná and Iguaçu River basins. A. asuncionensis specimens were collected in the Manso River, State of Mato Grosso do Sul, Brazil, upper Paraguay River basin. Figure 2 shows the sampling sites. Voucher specimens were deposited in the Coleção Ictiológica do Nupélia, as NUP 935 and NUP 11584. D-loop sequences of Astyanax from several sites mentioned above, available in the GenBank ® , were employed. Further, sequences prepared by Soria (2004) and those available in the GenBank ® prepared by Prioli et al. (2002) were also included in the current analysis. A.J. Prioli et al.
Commercial alcohol was injected into the fish's abdominal cavity after collection for preserving the specimens. Whole specimens were placed in commercial alcohol-filled flasks and stored at -20°C. Total DNA was extracted by the phenol-chloroform method according to Monesi et al. (1998) , with few modifications.
An mtDNA fragment, containing a partial sequence of the control region, or D-loop, was amplified by PCR from DNA samples, according to Prioli et al. (2002) . Amplified fragments, approximately 760 bp, contain the hypervariable extremity 5ꞌ of the D-loop region's heavy strand of the mtDNA molecule. Primers were H16498 5ꞌ-CCTGAAGTAGGAACCAGATG-3ꞌ (Meyer et al., 1990) and L15774M 5ꞌ-CAACATGAATTGGAGGTATACCAGT-3ꞌ . The final product from each PCR was directly used as a sample for sequencing on platform ABI-3100 (Perkin Elmer, Norwalk, CT, USA).
Sequences were edited and aligned by CLUSTAL W using the BioEdit software (Hall, 1999) . Deletion sites were not included in the analyses since evolution significance of deletions in DNA sequences is not thoroughly known (Nei and Kumar, 2000) . Employing procedures of corrected Akaike Information Criterion and Bayesian Information Criterion of Modeltest 3.7 (Posada and Crandall, 1998) , the evolution model HKY85 + I + G produced the best data adjustment. Phylogenetic relationships between mitochondrial haplotypes were obtained by PHYML (Guindon and Gascuel, 2003) , using the maximum likelihood method with HKY85 + I + G model. Bootstrap analyses were based on 1000 replications.
RESULTS
Sequences of the D-loop's hypervariable extremity 5ꞌ of Astyanax with approximately 424 bp were obtained. In the current research, 30 sequences were obtained from the upper Paraná River basin and from the Manso River of the upper Paraguay River basin. Other 50 sequences were previously obtained by Prioli et al. (2002) and Soria (2004) . Sixty-six D-loop sequences of specimens from the upper Paraná River, 6 from the Iguaçu River and 8 from the Paraguay River basin were analyzed.
All specimens collected from the upper Paraná and from the Iguaçu River basins were identified as A. altiparanae. Identification was based on traditional morphological characteristics, following Garutti and Britski (2000) . On the other hand, specimens from the Manso River were identified as A. asuncionensis, according to Britski et al. (2007) . However, it should be underscored that consistent discrimination solely on traditional morphological bases was not possible. This was due to the extensive overlapping of characteristics of both species. Consequently, specimens were identified mainly considering their origin more than their characteristics.
A total of 158 polymorphic nucleotide sites were found within the 80 analyzed sequences (Table 1 ). The proportion of bases (T = 38.3; C = 13.2; A = 38.7; G = 9.8) and the ratio of transitions and transversions (R = si/sv = 2.4) agree with what was expected for D-loop mitochondrial sequences, namely, a higher proportion of pyrimidines and a higher transition rate (Nei and Kumar, 2000) . An indel from a 32-bp block can be identified in Table 1 as the most evident characteristic. The 32-bp block does not seem to be an in tandem repetition unit, as common in D-loop region of the mtDNA. Even if the 32-bp block is discarded, polymorphisms in other nucleotide sites characterize four highly differentiated haplogroups. AltoPR-D Two haplogroups may be easily recognized among specimens identified as A. altiparanae from the upper Paraná and Iguaçu River basins. Haplogroup AltoPR, with 39 haplotypes, is differentiated by marking presence of 32-bp block. Haplogroup AltoPR is extensively spread throughout the whole basins of the upper Paraná and the Iguaçu Rivers. However, it was not found in the Paraguay River basin.
Contrastingly, a second haplogroup with 23 haplotypes, exclusive to the upper Paraná River basin specimens, is characterized by lacking the 32-bp block that, according to Soria (2004) , was found in A. asunsionensis. The haplogroup was called AltoPR-D due to a deletion, even though it is not yet possible to determine whether the absence of the block has originated by deletion or by insertion. Haplotypes within AltPR-D were reported in the Itaipu reservoir, in the floodplain of the upper Paraná River, in the Barra Bonita reservoir, Tietê River, and in the Grande River, upstream from the Marimbondo reservoir.
Specimens identified as A. asuncionensis from the Manso River region formed two highly differentiated haplogroups by their nucleotide sequences. Whereas haplogroup Paraguay-A in the studied sample is represented by five haplotypes, the haplogroup Paraguay-B comprises three haplotypes. The two haplogroups, however, are characterized by lacking the 32-bp block. Table 2 shows the diversity among haplogroups, taken two by two. The number and percentage of nucleotide sites outside the 32-bp block are shown so that the haplogroups may be diagnosed. Criteria for discrimination of two haplogroups are: one site should be monomorphic in one haplogroup and the same base is not identifiable in the other. Percentage of diagnosed sites ranged from 5.1% (between AltoPR and AltoPR-D) and 12.5% (between Paraguay-A and Paraguay-B). Rates would probably converge close to 5% if samples were amplified. This is due to an increase in the frequency of polymorphic loci within the haplogroups, since variation in a single haplotype disqualifies the site for diagnosis. The genetic divergence among haplogroups may also be expressed by phylogenetic analysis of the maximum likelihood ( Figure 3) constructed with model HKY85 + I + G. Analysis confirms what may be perceived by observation of polymorphic nucleotide sites as shown in Table 1 . Dendrogram shows four clearly defined haplogroups. In fact, the two haplogroups of the upper Paraná River remained distant from each other but they are intercalated by the two Astyanax haplogroups of the Paraguay River.
DISCUSSION
Many research groups from several Brazilian institutions have investigated A. altiparanae from the upper Paraná River based on traditional, cytogenetic and molecular genetic system. Cytogenetic polymorphism has been reported among samples of A. altiparanae popu-lations from several rivers of the upper Paraná River basin (Pacheco et al., 2001; Fernandes and Martins-Santos, 2004; Ferreira Neto et al., 2009; Kantek et al., 2009; Kavalco et al., 2011) . Based on chromosome polymorphism studies, it has been suggested that A. altiparanae comprises a set of species as in other Astyanax groups (Fernandes and Martins-Santos, 2004) . Soria et al. (2003) and Soria (2004) reported a mitochondrial molecular diversity in the group identified as A. altiparanae. Similarly, A. asuncionensis has also been studied in the Paraguay River basin. No reports on highly diversification within the group are extant, with exception of the research by Soria (2004) . It should be emphasized that a clear discrimination between A. altiparanae and A. asuncionensis was not possible by using usual morphological characteristics. Even if they existed, it would not be surprising that the coexistence of morphotypes was not detected not only in the upper Paraná River but also in the Paraguay River basin.
The D-loop region is different from other regions of mitochondrial DNA due to its high variability. Accumulated mutations in the hypervariable extremity 5ꞌ of the D-loop heavy strand provide adequate differences as molecular markers in intra-and inter-specific levels for fish studies (Sivasundar et al., 2001; Oliveira et al., 2002; Prioli et al., 2002; Ortí et al., 2008; Pie et al., 2009) . Differences may be shown even though the species are highly similar. It should be observed that the analysis employed in this study discarded indels. Therefore, the difference shown at this point is not the result of a sudden loss or addition from a great block of base pairs; rather the divergence would be the result of a long accumulating process of specific differences. Nucleotide divergences of the same nature and greatness are met in many proximate fish species.
A.J. Prioli et al. Current differentiation level among the four haplogroups lies at the same level as that found between proximate species, albeit isolated in their natural environment with regard to reproduction. For instance, Pseudoplatystoma corruscans and P. fasciatum are two Pimelodidae species that naturally do not produce hybrids, except in forced conditions of hormonal induction undertaken in the laboratory. Natural hybrids are not found in regions in which they occur in sympatry. However, only 5.3% of nucleotide sites at the same extremity of the D-loop region may be employed to diagnose the two species (Bignotto et al., 2009) . Another well-documented situation occurs with Cichla kelberi and C. piquiti, which naturally inhabit the Tocantins/Araguaia basin and were transposed to the upper Paraná River basin. Oliveira et al. (2006) showed that D-loop region's variable extremity of the two species differs approximately 10% with regard to nucleotide sites. A. altiparanae of the haplogroup AltoPR in the current study and A. bifasciatus Garavello & Sampaio, 2010 (formerly called Astyanax sp B), endemic species to the Iguaçu River basin, are highly different, even though, at D-loop extremity, only about 20% of nucleotide sites differentiate the two species .
Rates for above-mentioned species are very similar to those found among the studied haplogroups, or rather, the percentage of diagnosed sites ranged from 5. Therefore, the suggestion that the four haplogroups documented in the current investigation correspond to a complex group, with at least four species, is supported. Two of the species would be coexisting in the upper Paraná River, whereas the other two species would inhabit the Paraguay River basin. Owing to the great number of sequences analyzed and the wide distribution of sampling sites, it is highly unlikely that any dispersed haplogroup would have passed unnoticed in the upper Paraná River. In fact, geographically isolated haplogroups may exist. However, the situation is different in the Paraguay River basin. The genetic diversity in the region may not have been properly sampled with the analysis of merely eight specimens. More sites and a greater number of specimens should be sampled in the future.
The traditionally morphological traits used in the taxonomy of Astyanax are insufficient to consistently discriminate the morphotypes of the altiparanae/asuncionensis group. Unusual morphological characteristics in taxonomy have not yet been employed for the identification of species in this group. It may be possible that such an approach would be successful in the characterization of not yet recognized morphotypes.
The above genetic information in itself would be contrary to the suggestion by Soria (2004) that the genetic variant without 32-bp block found in the upper Paraná River (AltoPR-D) would correspond to A. asuncionensis, which became an invader when the Itaipu was impounded. Furthermore, the haplogroup AltoPR-D was reported in the Grande River and in the Tietê River. Owing to the geographical isolation caused by the erstwhile Marimbondo Waterfall and currently by the dam of the Marimbondo reservoir, it may be suggested that AltoPR-D specimens have not colonized the upper Paraná River basin after Itaipu reservoir impoundment. Although there would still be the possibility of re-population of the reservoirs with matrixes of the AltoPR-D haplogroups, no information on this point was given.
No indication exists that the haplogroup AltoPR-D would have originated in another place and that only recently it colonized the upper Paraná River. It seems that its distribution is wide. If it did not originate in the upper Paraná River, it would possibly have originated in the region or it has already been incorporated to the ichthyofauna of the upper Paraná River, many generations prior to the formation of the Itaipu reservoir.
The current investigation showed evidence on the high genetic variations within the altiparanae/asuncionensis group of Astyanax, which seemingly is highly homogenous in its morphology and suggests the existence of a cryptic species complex. The above information will certainly be a contribution towards describing and mapping the diversity within the genus Astyanax.
